Abstract-Conducting polymers have a wide range of reversibly controllable properties, leading to a number of potentially useful devices for robotic applications, including actuators, sensors and batteries. Conducting polymers have the advantages of low weight, low cost, flexibility, small activation potentials (<2V), biocompatibility and the ability to be manufactured using relatively straightforward techniques. Trilayer bending actuators which utilise the controllable change in volume of conducting polymers are potentially useful devices, but their speed and positioning ability must be improved. Significant research effort has been directed towards improving conducting polymer actuator performance through its chemistry, but the use of compensating control systems has had relatively little focus. This paper experimentally investigates three potential control systems for a trilayer bending actuator -feedforward gain control, feedforward inversion-based control and inversionbased PI control. It was found that the inversion-based PI control system provided the best performance, but the implementation utilised a large laser displacement sensor. To limit the requirement for such a large feedback sensor, a trilayer bending actuator with an integrated displacement sensor is proposed, exploiting the additional sensing capability of conducting polymers.
conducting polymer sensors [3, 4] and actuators [1, 5] ; it could process information through CP transistor based computers [6] and be powered by conducting polymer batteries and solar cells [7] [8] [9] . Relatively simple techniques, such as ink-jet printing [10] , can be used to directly deposit the polymer, which may lead to the construction of low-cost robotic devices on demand. However, before the idea can be realised, the individual conducting polymer devices must be optimised and controlled. Our recent research work has focussed on characterising and improving conducting polymer actuators, otherwise known as 'artificial muscles' [11] [12] [13] [14] .
Unlike electrostatic based actuation devices which are dependent on electric field, conducting polymer actuators operate on changes in the charge stored by the polymer, facilitating small input voltages. As the amount of charge is changed, ions are transferred into, or out of, the polymer structure to maintain electroneutrality, leading to the use of the term 'artificial muscle' in analogy to the operation of real muscle. These actuators can generate strains up to 39% [15] , stresses up to 49MPa [16] , potential biocompatibility [1] and have ability to be manufactured on various scales and by various processes.
Trilayer benders are a laminated type of conducting polymer actuator structure, comprising of two conducting polymer layers separated by a gold-coated porous substrate ( Figure 1 ). The two conducting polymer layers act as positive and negative electrodes, changing volume as an electrical potential is applied across them. The porous substrate serves to electrically insulate the conducting polymer layers and storing the electrolyte required for operation. The primary benefit of the trilayer bending actuators is they have self-contained operation in air, unlike other configurations (such as linear devices) which are often required to be submerged in electrolyte. Trilayer bending actuators have been the focus of a number of characterisation and modelling efforts, with a number of performance limitations identified, including slow response times [14] and longer term positional drift [11, 14] . Additionally, large input voltages can cause rapid degradation of the polymer structure if not correctly applied [17, 18] .
Significant research effort has been directed towards improving the stress and strain generated by conducting polymer actuators by optimising synthesis conditions, electrolyte type and material properties. The use of control techniques can improve performance beyond that possible by chemistry alone, by compensating for the dynamics of the device; however, previous applications of control techniques to trilayer bender actuators has been limited. Yao et. al. [14] have previously applied PID control to a trilayer bender, while Fang et. al. [19] have used a reduced complexity physicsbased model as part of a robust adaptive control system. In both cases, laser displacement sensors have been used to provide displacement feedback which may not be practical for all situations, particularly low-cost applications. As such, alternative control strategies would be beneficial to further improve performance without excessively increasing system complexity. This paper aims to improve the speed and positioning capability of conducting polymer actuators, specifically trilayer bending actuators, through the use of model based control systems. Two feedforward strategies are experimentally characterised and compared to a feedback approach. Finally, a feedback control system incorporating an integrated conducting polymer sensor is proposed.
The paper is organized as follows: the experimental setup is described in Section II. Section III presents the control strategies investigated in this work and their experimental characterisation. An actuator with an integrated feedback sensor for positional control, based on the sensing ability of the trilayer structure, is proposed in Section IV. Conclusions and future work are presented in the final section.
II. EXPERIMENTAL SETUP

A.
Trilayer bender manufacture
Conducting polymer trilayer bending actuators were manufactured using a three step process. First, a 120mm square section of the porous poly(vinylidene fluoride) (PVDF) substrate was cut from a bulk roll and a thin conductive gold coating applied using a sputter coater. The conducting polymer polypyrrole was then electrochemically deposited onto the gold layer, using a constant current for 12 hours, generating approximately 1.8µm of polymer per hour. After growth, actuators were cut from the bulk sheet as required using a sharp blade. Full details of the synthesis procedure are presented in [13, 20] .
B. Measurement Equipment
A custom experimental setup has been utilised to implement and characterise the trilayer bender control system and assess the performance, as illustrated in Figure 2 . A National Instruments NI-6229 DAQ was used to generate the dynamic input signals. A second computer, running a MATLAB Real Time operating system was used to implement the control systems, calculating the control signal at a rate of 4kHz. An eDAQ potentiostat was used to amplify the control signal, applying it to the actuator using an electrode clamp. A laser displacement sensor (micro-epsilon, NDCT-1700-10) was used to measure the tip displacement of the trilayer bender actuator and provide feedback to the control system. An eDAQ datalogger was used to record the set point, applied voltage, current drawn and actuator displacement at 1kHz.
III. CONTROL STRATEGIES
Three potential trilayer bender actuator control systems are considered in this work. First a feedforward gain (K) controller (Figure 3(a) ) is used as a baseline upon which other control systems are compared. The actuator displacement is linear with input voltage [20, 21] and the reciprocal of this constant was used as the gain K, here 0.12V/mm. A transfer function model of the trilayer bending actuator displacement is used as the basis of two inversion-based control schemes -a feedforward (FF) inversion-based control system (Figure 3(b) ) and a Proportional-Integral (PI) inversion-based control system (Figure 3(c) ).
To implement the inversion-based control systems, a model of the actuator displacement is required. While models have been developed for the impedance of conducting polymer actuators [19, 22] , there are no physics-based models exist which can accurately represent the dynamic behaviour of a trilayer bender over a wide frequency range, due to the complex electrochemical behaviour of the system. As an alternative approach, we have identified empirical linear transfer model structures that can represent the frequency response of the trilayer bender actuator displacement as a function of input voltage [20, 21] , suitable for control system development. The model structure is of the form given in (1) , and can suitably model the actuator displacement up to the resonant peak (Figure 4 ), while remaining valid for multiple actuator geometries [20] .
Identification and modelling of the trilayer bender frequency response was performed prior to the experiment, while the calculation of the required control signal, ) ( 
A. Performance Characterisation
The calculated control signals and resultant displacement of a 10mm long, 2mm wide trilayer bender actuator is shown in Figure 5 for the three control systems in response to a 0.4mm step input. The calculated input voltages are less than 1V in all cases, which does not damage the polymer. The 10% to 90% rise time of the PI controlled system is 45ms, compared to 51ms for the inversion-based feedforward system and 6.8s for the feedforward gain system used as a baseline. Both the inversion-based techniques improve the rise time of the actuator by over 130 times as compared to the feedforward gain control system. The steady state error at 2 seconds is minor for both the inversion-based controlled systems, while the feedforward gain controlled system does not reach the setpoint. The 5% settling time is reached in 100ms for the inversion-based feedforward control system and 217ms for the PI control system. The overshoot of the PI controlled system is also significant at 48%, compared to 2% for the feedforward controlled system. Further tuning of the PI gains would reduce the magnitude of the overshoot, at the cost of an increased rise time. The performance of the inversion-based PI control systems can also be favorably compared to a previous PID control attempt reported in the literature, which showed a rise time of 132ms (0 to 100%) and a 5% settling time of approximately 1.4s [14] .
The calculated input voltage and resulting displacement of a 10mm long, 2mm wide trilayer bending actuator in response to a 0.4mm step input is shown in Figure 6 for the three control systems tested over approximately 300 seconds. The two feedforward control systems show significant positional drift over the duration of the test, while the PI system shows zero steady state error due to the use of integral gain. This drift has been identified previously [11, 14] and is likely due to slow actuation processes, representing a significant source of positional error. The control voltages applied to the actuator after steady state has been reached (10 seconds) and at 297 seconds are shown in Table 1 . In the absence of feedback, the two feedforward schemes cannot modify the voltage over this time period to compensate for the positional drift or forward relaxation of the actuator, while the PI based control system decreased the input by approximately 15%.
The performance of a trilayer bender actuator in response to a 0.1Hz sinusoidal input displacement is shown in Figure 7 under control of the two inversion-based systems. The PI based control system is better able follow the dynamic input signal, with an RMS error of 0.04mm, compared to the RMS error of 0.11mm for the feedforward controlled system .
Of the three control systems identified here, the inversionbased PI approach provided the fastest rise times combined with minimal steady state error and better dynamic performance; however, this came at the cost of increased control system complexity, requiring a laser displacement sensor to provide position feedback. Both feedforward control approaches required less external hardware for implementation and may be suitable for applications where feedback is difficult to implement, but they cannot deal with external disturbances or longer term positional drift. Additionally, the feedforward gain controller did not compensate for actuator dynamics, resulting in slow rise times in addition to the positional drift.
IV. PROPOSED INTEGRATED FEEDBACK SENSOR
Of the control systems tested in Section III, the PI inversionbased control system provided fast rise times and zero steady state error over long time periods; however, the implementation required the use of a laser displacement sensor to provide position feedback, which may not be practical for all applications. Conducting polymers can operate as mechanical sensors, generating a voltage or current in response to an external force or displacement [4, 12, 23, 24, 25] . It has been shown that the conducting polymer trilayer bending structure can also be used as a bending sensor without modification [4, 11] . It is proposed that the trilayer bending sensor can be used in conjunction with a bending actuator to produce a lightweight and integrated sensor for feedback control.
The proposed integrated system containing a conducting polymer actuator and displacement feedback sensor is shown in Figure 8 , comprising of the laminated trilayer bending actuator structure with a thin groove etched or cut to remove a thin section of conducting polymer and gold. This approach creates two electrically insulated trilayer structures, mechanically linked by the substrate, one forming the actuator and the other the feedback sensor.
An example of the frequency response of the trilayer bending sensor output is shown in Figure 9 , demonstrating three characteristic traits: (a) a low-pass filter behaviour, (b) a distinctive peak at approximately 3Hz and (c) a relatively constant output above 10Hz. This frequency response behaviour is consistent for both the voltage and current output of the device and can be modelled using a transfer-function of the form given in (2) [12] . As the sensor output varies with input frequency, any practical use of the device will require some computational analysis to identify the true dynamic displacement input from the measured current or voltage.
A schematic of the proposed system is presented in Figure  10 
V. CONCLUSION
Conducting polymers are materials with a wide range of functional properties and have the potential to form all the components of a lightweight and low-cost robotic system. Before this idea can be realised, the performance of individual conducting polymer components must be improved. This paper has considered three control systems that could potentially be used to improve the performance of a bending conducting polymer actuator -feedforward gain control, feedforward inversion-based control and inversion-based proportional-integral control. It was found that an inversionbased PI control system can significantly improve the rise time, settling time, dynamic displacement and positional drift without excessive input voltages, but at the cost of requiring a large displacement feedback sensor. To overcome the need for a large external feedback sensor, a system utilising an integrated conducting polymer bending sensor was proposed.
Future research work will continue the investigation of trilayer bending actuator control [26] , including the construction and characterisation of the actuator with integrated feedback. Further development of intelligent control methods will also be undertaken, including modeling of the nonlinear actuator behaviour (positional drift and hysteresis) for implementation in inversion-based control systems. 
